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A VLA engineering experiment was conducted on the night of July 22, 1983 to
explore one aspect of the potential for the VLA to support Voyager at its Neptune
encounter in August of 1989. Specifically, the experiment tested the ability of the VLA
to self-calibrate on a natural radio source whose effective signal strength is the same as
Voyager’s will be at its Neptune encounter. The experiment was successful and supported
the belief that the VLA would be able to be self-calibrated with Voyager’s signal.

l. Introduction

The Very Large Array (VLA) is an array of twenty-seven
25-meter antennas in a triradial configuration in the high New
Mexico desert. Reference 1 provides a comprehensive overview
of the VLA. Details on the VLA, its hardware and software,
operation, and the theory behind it may be found in Ref. 2.
The primary role of this array is developing maps of radio-
bright objects in the sky, and it incorporates a large map-
ping processor which is capable of cross-correlating the 351
(= 27*26/2) baselines of the array in real-time. One of the
optional products of this mapping processor is a combined
output which represents the coherent sum of the signals being
received at each of the antennas. This combined output of
the mapping processor would represent about 2-1/2 of the
DSN’s 64-meter apertures if all of the VLA antennas were
outfitted with X-band cryogenic field effect transistors
(FET’s). As noted in the Interagency Array Study Report
(Ref. 3), this capability can be of significant benefit to
Voyager at its encounter with Neptune in 1989.
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Configuring the VLA to be able to receive signals from
Voyager will require significant investments of time and
money. One of the many questions asked before seeking to
use the VLA was whether the VLA could self-calibrate on the
signal from Voyager, and thus be able to easily combine the
signals from all 27 antennas without recourse to a stronger
nearby natural radio source as a calibrator. As the VLA
could not receive at X-band, obtaining a preliminary answer
to this question entailed observing some radio source which
provided a signal in one of the existing VLA receive bands
which was a suitable analogy to the signal expected from
Voyager at Neptune in 1989.

Voyager’s total signal from Neptune is predicted to be
3.6 X 1072 W/m? (B. D. Madsen, Voyager Telecom, private
communication, May 2, 1983). If we filter it into a 60 kHz

. bandwidth, selecting one sideband and maximizing the band-

pass SNR, the signal is cut by 5dB to 1.1 X 1072} W/m?.
Since Voyager’s signal is matched to the feed polarization and
will appear in only one of the two polarizations (right-hand



circular, but not left-hand circular), while the total flux of a
natural radio source is measured in both polarizations, the
total cataloged flux of the comparable natural radio source is
3.6 Jy. The VLA processor develops integrated cross products
each 10 seconds (or a multiple thereof), which are used to
estimate the differential phases between antennas. These cross
products do not differ in character whether the input band-
width is 60 kHz or 50 MHz. A natural source of 130 mly
strength in the full VLA bandwidth of 50 MHz should provide
the same SNR in the integrated cross-products as a 3.6 Jy
source in 60 kHz and, hence, the same as Voyager’s signal.
This is significantly below the strength at which the VLA is
normally calibrated.

In the experiment itself, radio sources at both 0.5 Jy and
0.14 Jy were included in the observation catalog to help
expose any sensitivity to source strength at this level. The
observing control “deck” was set up using the time sharing
PDP-10, and then called by the array operator into the Mod-
comp real-time system when needed that evening.

The observation interval occupied 3 hours and contained
the observations listed in Table 1. All observations were taken
in the 6-cm band, with a nominal system temperature of
60 K. Except where noted, the integration time is 10 seconds
and the closed-loop tracking of the differential phases was
performed with a loop gain of 1/4. All observations appeared
to lock-in solidly, and suggest that self-calibration on still
lower source strengths would be quite possible. The estimated
performance of the phase tracking operation was extracted
by post-processing the recorded data in the VLA computer.

Il. Experiment Description

For most of the experiment the VLA was operated with
its fundamental integration interval set at ten seconds. Each
ten seconds, the 351 complex integrated cross products of
the signals received at each of the 27 antennas were recorded
for final processing. Also each ten seconds, the 26 cross
products for each of the antennas paired with the selected
reference antenna were sampled and used to estimate a differ-
ential phase which can represent atmospheric shifts, uncom-
pensated equipment drifts, source position offset, etc. When
the array is being calibrated, this differential phase is used
as the error signal input for a very narrow-band first-order
sampled-data phase-locked loop. In normal operation with a
10-sec integration time, the loop gain is set to 1/4, which
results in an effective memory time of about 40 sec, or a
bandwidth of 0.025 Hz. For the purposes of the engineering
experiment being described, the final processing of the
recorded data is devoted to estimating how well this sampled-
data phase-locked loop was able to track the actual phase
variations.

The final non-real-time processing of the data is performed
by the VLA program ANTSOL (Ref. 2) which uses the stored
integrated cross products to perform a global least squares
estimate of the apparent gain and phase of each of the 27
antennas. This is the relatively well-known multi-parameter
form of the simple least-squares estimator, which will be used
but not developed here. The program uses all 351 of the
antenna pairs to provide a global solution for all 26 of the
phases measured relative to the reference antenna, which is
better by a factor of 2/27 smaller variance than the phase
estimates based upon a single integrated cross-correlation.
The global solution can be obtained using the elementary
(e.g., 10-seconds) integration intervals which were sampled in
the real-time processing, or the elementary integrals can be
accumulated to increase their SNR before the global solution
is done. Assuming there is no significant external perturba-
tion of the relative phases, their sample variance is a measure
of the performance of the real-time phase tracking process.

All of the data from the July 23rd engineering experiment
were non-real-time processed with an integration time of 120
seconds. A small part of the data was also processed at 30 sec-
onds to improve visibility into the phase-estimator behavior.
The approximate relation between the observed phase variance
in the final processing, and the variance of the phase attribu-
table to real-time processing is calculated in the Appendix.

lIl. Observations

As listed in Table I, the experiment consisted of 10 obser-
vations of 6 distinct sources, with distinguishing characteristics
to be noted in the following. Sources are identified by their
standard cataloged positions, with the first source, 1803+784
being at right ascension of 18 hrs, 03 min, and at declination
+78.4 degrees. This source is one of the VLA calibrators,
and its recorded flux at 2.52 Jy was used as the reference
against which the strengths of other, weaker sources were
compared.

The time of this first observation was 04:12 to 04:21
(IAT), and the elevation angle at which it was observed was
approximately 45 degrees. Final-processing of this source with
a 2-min integration time resulted in an observed phase jitter of
2.5° rms. Converting this into an estimate of the jitter in the
real-time control loop by the methods of the Appendix yields
a value of 3.7° rms for the phase-tracking process with a 10-sec
Ty and loop gain of 1/4. The data from this source was not
processed with 30-sec intervals.

For each source, the very beginning of the recorded data is
ignored until the acquisition transients have subsided. Then,
as many 120-sec (30-sec) segments as will fit into the allotted
time are accumulated and the phases and effective gains are
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estimated for each of the 27 antennas, using the 351 cross
correlations between antenna pairs. The phase parameter of
the selected “‘reference” antenna is arbitrarily fixed at zero.
For each segment, the rms of the 26 non-reference phases
was calculated. The average, and one-sigma, uncertainty of
this rms value was then calculated over the (10 to 20) seg-
ments and appears in Table 1 in the columns identified as
RMS PHASE. The column identified as SIG-PH is the esti-
mated rms phase variation in the real-time phase tracking
process as derived from 120-sec segments by the methods
of the preceding section.

The second, third, and fourth observations were all pro-
cessed with both 120-sec and 30-sec segments. The rms phase
at 30-sec integration time is approximately the same as the
rms jitter in the real-time control loop. In each case this esti-
mate is larger than that developed on the basis of the 120-sec
segments.

These three observations (numbers 2 through 4) were
planned to compare the behavior at high (78°) versus low
(160) elevation, and at about 0.5 versus 0.14 Jansky source
strengths. It is clear from this set that phase jitter is much
more dependent upon elevation angle than upon source
strength — at least for the levels at which we need to be
concerned. There are presumably variations of the atmo-
spheric path lengths that dominate the observed phase jitter.

Later observations number 7, 8, and 10 used the same
0.14-Jy radio source with varying real-time processing strate-
gies. For number 7, the unit integration time was doubled, to
20 sec, which resulted in an apparent 20% decrease in phase
variation, as compared to a 40% decrease which could theo-
retically have resulted if the source of the phase variation was
independent between the 10-sec segments. Further, lengthen-
ing the segment time to 60 sec (and correspondingly increas-
ing the loop gain to 1/2) actually resulted in an apparent 10%
increase in phase variations. The expected response if the
sources of the phase variations were independent between
the 10-sec segments would have been about a 25% decrease.

While these changes are not significant in a statistical sense

because of the wide uncertainty of the observed phase varia-
tions, they strongly suggest that lengthening the unit observ-

138

ing time beyond 10 to 20 seconds would filter out some of
the real variations. Another way of lengthening the effective
measurement for the real-time control operation is to decrease
the control loop gain, as was done for observation number 10,
where g = 1/16. This gain change was effected by changing
a Right Arithmetic Shift instruction in the MODCOMP real-
time software system. This gain change, by a factor of four,
could have effected a factor of two decrease in phase varia-
tions if they behaved as independent variables, but only a 20%
decrease was observed.

Observations numbers 5 and 6 were “drift” tests, where
the VLA was calibrated on the selected radio source at the
beginning of the time interval, after which phase control was
turned off — the loop gain set to zero — and the phase varia-
tions observed as they drifted free over a 15 to 20 minute
interval. Siarting and ending rms phases listed in Table 1
indicate considerable growth.

Observation number 9 was inserted to test the scaling of
source-strength with bandwidth, which was used to set the
inferred source strength believed to be Voyager-comparable.
The 2.6 Jy source via 3-MHz passband should result in approx-
imately the same phase behavior as 0.5 ]y in 50 MHz. This
it did, but the observation was inconclusive because the
non-SNR-related effects appear to dominate the phase
variations.

IV. Conclusion

Taken together, the several observations in the experiment
demonstrate that one should be able to self-calibrate the VLA
with a signal comparable in strength to that expected of
Voyager at Neptune, without suffering serious SNR loss to
the combined signal from the jitter in the real-time phase
tracking process. Application of that result to the Voyager
signal involved analogies in both the received signal frequency
and the VLA processing bandwidths, so further testing of
self-calibration with the Voyager spacecraft signal itself
will be needed as the X-band capability begins to be assem-
bled on the VLA. The phase variations induced at low eleva-
tions are a concern which needs further exploration, as Voyager
will be at quite a low elevation throughout its encounter
pass.
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Table 1. Summary of observations

OBS

RMS Phase

RMS Phase

No. Source Flux IAT EL Angle @2 min Sig-Ph. @30 sec Notes
1 1803+784 2.52 4:12 — 4:21 45.1 —45.3 2.5 3.7 Calibration
2 17144219 0.53 4:25 - 4:37 77.8 -171.5 32+09 48+ 14 6.5+1.0 Ret @ Hi Elevation
3 2037-253 0.57 4:42 - 4:51 154 - 17.5 6.0+2.0 9.0z 3.0 100+2.6 Ref @ Lo Elevation
4 1831-126 0.14 4:57 - 5:09 41.8 —-42.6 3.8+09 57+14 63+1.0 Nom. Vgr. Flux
S 1748253 0.50 5:10 - 5:29 30.5 - 30.1 2 - 5 3 -7 - Drift Test No. 1
6 1748-253 0.50 5:30 - 5:47 30.1 - 295 4 - 10 6 —15 - Drift Test No. 2
7 1831-126 0.14 5:50 —6:04 433 - 430 34+03 4.2+0.36 - 20 sec Ty
8 1831-126 0.14 6:05 6:21 43.0 -424 42=+1.2 47+13 - 60 sec Ty
9 1908-202 2.6 6:22 — 6:38 358 - 356 27+03 4.0+ 045 3 MHz Scale
10 1831-126 0.14 6:39 - 6:55 414 - 40.2 3909 4.1+09 - 10 sec@g =1/16
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Appendix

Extraction of Phase Jitter

Let the variance of the elementary phase estimates be
denoted as V,,, and assume that this is due entirely to thermal
noise or other independent noise sources. Assume further that
Vo is small enough that nonlinearities can be ignored. These
estimates are fed in real-time into the first-order phase-locking
process with gain g = 1/4. The result of this process is that the
individual local oscillators of the VLA antennas contain a
refined estimate of the differential phase between the refer-
ence antenna and each of the others. Let n,; , denote the noise
at time t on the phase-difference measured between antenna
number i and the reference antenna, and let (}),;t be the accu-
mulated phase (error) in the antenna number i local oscilla-
tor relative to the reference antenna phase. Then assuming
the nominal phase to be zero gives

by Gie-1 T8 (- ¢i,z~1)

r—1
g Z (-gf ' n,,

§T—o0

for the phase of the /*" local oscillator. The variance of the
filtered local oscillator phases denoted ¥y , is

<
1

2 20
wr = V1o *29 (1-g)°"
=0

=
i

or = Vio *8/2-2)

V10f = V10/7 forg=1/4

If the global solution is performed in final processing with
the 10-second integrated cross products, the variance of those
resultant phase measurements, denoted V, ,,, is a combina-
tion of the residual phase offsets held by the local oscillators,
and the additive noise during the measurement interval. In
this case the additive noise of the current measurement inter-
val is independent of the actual phase errors which depend
only upon past measurement intervals. Let V,,, denote the
noise variance on the global solution phases based upon a
10-second interval. Then by this independence,

Vinio = V10f+V10g

Although the noises on the 351 cross products are not
independent, the individual noise components in the 27 corre-
lated signal streams are. Hence, it is easy to show that the
cross products are pair-wise uncorrelated, and therefore the
covariance matrix of the inputs to the global least-squares
process is diagonal with all non-zero entries equal to V. The
formal covariance matrix of the 26 globally solved phases
has all diagonal entries equal to 2=V ,/27 and all non-diagonal
entries equal to V,,/27.

Thus:

2
VlOg T 27 *Vio

Then, solving for the actual real-time phase errors, we find

VlOf =079V 1o

Actual measurement intervals used are 30 sec and 120 sec,
in order to reduce the amount of data to be handled to a more
manageable level and to reduce the additive noise. As noise
samples are independent between each 10-sec sub-interval,
adding ‘@’ of these together (2 =3 or 12) will reduce the noise
variance by a factor of 1/2 on all cross products (phase-
difference measurements) except those involving the reference
antenna. When phase-difference measurements involving the
reference antenna are extended, the filtered local oscillator
phase is anticorrelated with respect to the noise in the pre-
vious 10-second intervals.

Let X;, denote the L-interval average of the phase-differ-
ence measurement with respect to the reference antenna

<
|

1 Q-1
P ZD(i—r,t—/)
=0

t—j—1 ‘
ni,t—-]'_ 4 E (1 'g)t_]—l_s ¢ ”i,s

j=0 §=—o0

H
20 | —

Where D(i - r, *) denotes the 10-second phase-difference
measurement, and #; ¢ as before denotes the additive noise on
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that measurement. By collecting like terms, and simplifying,
the expression for X, , becomes

| &l

= — j

Xt = E My (1-8)
7=0

L=1 1—%

-g* _slz_z: (1-g)
j=0

The variance of the X, is simple to compute as long as
the n, . is independent and becomes

(1 _g)t_s ° ni

, 8

§=—oco

2-2(1 -g)°

=V - -~ e
(2¢-8%) 2

X 10

For € = 1, this expression degenerates to the obvious V, =
Vio * Vior For > 1, the V, can be considerably less than
V10/% which is the contribution of the noise alone.

The ¢-sample average of the local oscillator phases can be
extracted from the above expression for the X,, by removing
the additive noise terms from the first summation. Denote the
variance of this Q-sample averaged phase as V{g,}. This
variance is found to be

Vo |, 20-901-0-9)1
Ve = [Q 2-2)-¢

For £ = 1, this expression degenerates (as it should) to the
expression for V. Inserting numbers,

Vig,) = 0060 - ¥,, for £ =12, g=1/4

0113 « V for R = 3,g=1/4

10

Global least-squares estimates of these ¢, are extracted, and
their statistics computed to derive V4. Of the 351 baselines
used in the global solution, 325 contain additive noise terms
which are uncorrelated from each other and from the ¢,. The
26 baselines which are used in the real-time phase tracking
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process contain noise which is uncorrelated with the noise on
the other baselines, but anticorrelated with the associated ¢,.
Since this apparent suppression of the added noise affects
less than 8% of the baselines, and those only partially, we will
assume in the following that this correlation between the
real-time filtered phase estimates can be neglected, and solve
for V,,,as determined from the accumulated measurements at
30 and 120 seconds. In retrospect, it is clear that the need for
this assumption could have been avoided by discarding the
reference antenna and the affected baselines from the global
solution process. Using the assumption, we find:

V

Lof L4V

50  using 30 second intervals

1t

V

Lof 221V

120 Using 120 second intervals

A few other cases are also of interest, and can be extracted
from the foregoing calculations: A) loop gain = 1/16, 10 sec
real-time and 120 sec global integrals.:

Vig} = 0786 *V for 120 seconds, g = 1/16.

1057

Inverting as before,

V.. . =113*VFV
m

ror for¢=12, g=1/16

120

B) loop gain = 1/4, 20 sec real-time and 120 sec, global integral

Vig,} = 0619 * V20f for 120 sec, g=1/4
and
V20f= 1.51*Vm120 for=6,g=1/4

C) loop gain = 1/2, 60 sec real-time and 120 sec global integral

Vig,} = 0.75* V60f for 120 sec, g=1/2
V60f = 1.24*V_ . for®=2,g=1/2

These conversion factors will be used to convert from mea-
sured phase variations to an estimate of phase variations
embedded within the real-time phase-lock process.



